In order to overcome process instability and buffer deficiency in the anaerobic digestion of mono food waste (FW), chemically enhanced primary sludge (CEPS) was selected as a co-substrate for FW treatment. In this study, batch tests were conducted to study the effects of CEPS/FW ratios on anaerobic co-digestion (coAD) performances. Both soluble chemical oxygen demand (SCOD) and protease activity were decreased, with the CEPS/FW mass ratio increasing from 0:5 to 5:0. However, it was also found that the accumulation of volatile fatty acids (VFAs) was eliminated by increasing the CEPS/FW ratio, and that corresponding VFAs concentrations decreased from 13,872.97 to 1789.98 mg chemical oxygen demand per L (mg COD/L). In addition, the maximum value of cumulative biogas yield (446.39 mL per g volatile solids removal (mL/g VSsremoval)) was observed at a CEPS/FW ratio of 4:1, and that the tendency of coenzyme F420 activity was similar to biogas production. The mechanism analysis indicated that Fe-based CEPS relived the VFAs accumulation caused by FW, and Fe(III) induced by Fe-based CEPS enhanced the activity of F420. Therefore, the addition of Fe-based CEPS provided an alternative method for FW treatment.
Introduction
As the major organic fraction of municipal solid wastes, about 1.3 billion tons of food waste (FW) are wasted globally every year from the food produced for human consumption, as reported by the Food and Agricultural Organization [1] . Especially in China, about 80-100 million tons of FW are produced annually due to the intensification of urbanization, of which most is directly landfilled [2, 3] . FW is a suitable organic waste for recycling into renewable energy by bioengineering [4] . However, improper disposal practices of FW can result in a various environmental problems, such as toxicity to aquatic life, polluting surface and ground waters, and changes in soil quality [5, 6] . Anaerobic digestion (AD) has been proposed as a relatively cost-effective technology for FW treatment and renewable energy generation [7] . However, AD has been used less often for FW treatment in recent decades due to improper materials (such as high sodium content) and extremely high biodegradability [8] . Meanwhile, the activity of methanogens is inhibited as a result of nutrient imbalances and volatile fatty acids (VFAs) accumulations [9] .
Anaerobic co-digestion (coAD) is an effective way to improve biogas production, due to low capital investment and substantial environmental benefits [10] . Suitable co-substrates are beneficial for FW digestion, because co-substrates can supply micronutrients and alkalinity, dilute toxic chemicals, enhance the synergistic effect of microorganisms, and overcome the disadvantages of FW mono-digestion [11] [12] [13] . Thus, the optimization of substrate properties of coAD is an important way to improve digestion efficiency and the process performance of FW.
Chemically enhanced primary sedimentation (CEPS) is produced during the chemically enhanced primary treatment process of wastewater treatment plants (WWTPs) using an Fe/Al-based coagulant addition that contains a large amount of polymeric sludge rich in Fe/Al. As described by Lin [14] , ferric chloride (FeCl 3 ) (10-12 mg Fe/L of dosage) was used to enhance the primary wastewater treatment of the Stonecutters Island Sewage Treatment Works in Hong Kong, and a large number of Fe-based CEPS sludge was produced. Fe is an essential trace metal for anaerobic microorganisms that participates in the synthesis of some important metalloenzymes in methanogenesis [15] . It has been demonstrated that addition of ferric chloride could disinhibit excessive volatile fatty acids [16] and enhance biogas production by enriching Coprothermobacter for protein fermentation and Methanosarcina for methanogenesis from the perspective of microorganisms [17] . It has been proposed that the introduction of FeCl 3 might contribute to a reduction of VFAs content and protect methanogenesis from the accumulation of volatile acids. Thus, the effects of Fe-based CEPS on VFAs reduction and methanogenesis during the coAD of FW need to be studied deeply.
This study intends to explore coAD performance of FW and Fe-based CEPS from the perspective of organic matter degradation, while simultaneously investigating the relationship between biogas production and Fe-based CEPS content under mesophilic digestion. Different mixing ratios of the CEPS and FW were conducted to study the typical substances involved in the coAD process, including organic substrate solubilization, VFAs variation, and biogas production. Meanwhile, representative enzyme activities associated with AD were monitored to analyze process stability of biogas production.
Materials and Methods

Substrate Preparation and Inoculums
The FW used in this study was collected from a student dining hall on campus in Nanjing, China. The chemical and physical characteristics of the FW were as follows: 112.3 g/L of total solids (TSs), 99.1 g/L of volatile solids (VSs), 44.3% of carbohydrates, 21.9% of proteins, 28.1% of lipids, and others. The FW was pulverized into particles with an average size of 1-2 mm using a grinder. The processed FW was mixed, weighed, and stored in plastic containers at 4 • C before use.
The CEPS used in this study was obtained from the Jiangning Science Park WWTP (Nanjing, China). Ferric chloride was used as a chemical flocculant, and the dosage was 20 mg/L. The characteristics of the concentrated CEPS were as follows: 6.6-7.2 of pH, 17.50 ± 0.50 g/L of TSs, 11.10 ± 0.50 g/L of VSs, 175 ± 5.0 mg/L of VFAs, 280 ± 20 mg/L of soluble chemical oxygen demand (SCOD), 413.8 ± 26.0 mg/L of total nitrogen (TN), 147.2 ± 3.2 mg/L of total phosphorus (TP), and 452.5 ± 3.5 mg/L of total Fe. The CEPS after sedimentation was stored at 4 • C.
The seeding sludge for coAD in this study was taken from a mesophilic anaerobic digester in Jiangning Science Park WWTP, Nanjing, China. The characteristics of the seeding sludge were as follows: 7.3-7.5 of pH, 22.5 ± 0.50 g/L of TSs, and 43 ± 1% of VSs/TSs.
CoAD Batch Experiment Setup
Six serum bottles with a working volume of 600 mL were set in parallel. The substrates of CEPS and FW were mixed at mass ratios of 0:5, 1:4, 2:3, 3:2, 4:1, and 5:0, with the corresponding coAD bottles labeled M0:5, M1:4, M2:3, M3:2, M4:1, and M5:0, respectively. In each bottle, the final TSs of substrates was adjusted to 40 ± 0.5 g/L by adding water, and the mass ratio of seeding sludge to substrates was determined to be 1:1. All bottles were flushed with nitrogen for 5 min, sealed, and incubated in an air-bath shaker (50 rpm) at 37 ± 0.5 • C for 20 days. The pH value in every bottle was measured and adjusted to near neutral pH (7.0-7.5) once a day using 1 M NaOH. A 1.5-mL sample of the mixture was taken from each bottle with a syringe every other day, then centrifuged at 10,000 rpm for 5 min. The supernatant was diluted with deionized water for further measurement. 
Analytical Methods
The TSs, VSs, TN, TP, and SCOD were determined according to the Standard Methods [18] . The pH values were measured using a pH meter (WTWOxi3210, Germany). The VFAs were measured by gas chromatography (Agilent 6890 N, Palo Alto, CA, USA), and the related parameters followed the literature [19] . The total VFAs concentration was the sum of acetic, propionic, n-butyric, iso-butyric, n-valeric, and iso-valeric acids. The protease activity was measured using the Folin method [20] . The F420 was analyzed using a UV-visible spectrophotometer at 420 nm [21] . The carbohydrates were determined using the anthrone-sulfuric method with glucose as the standard [22] . The proteins in the fermentation liquid samples were conducted using the Lowry method [23] . Lipids were measured in the form of fatty acid methyl esters using a gas chromatograph (Agilent 6890 N, Palo Alto, CA, USA), as described in the literature [24] .
Biogas volume was measured by a gas-sampling bag. The methane content was determined using a gas chromatograph (GC-2014, Shimadzu, Kyoto, Japan) equipped with a thermal conductivity detector and a stainless steel column 2 m × 4 mm, with hydrogen (H 2 ) as the carrier gas (25 mL/min) [25] . The biogas yield was defined as the volume of biogas (mL) produced by unit mass of VS removal (g VS removal ) [25] .
Results and Discussion
Organic Matters Solubilization
The hydrolysis of substrates can be expressed through the changes of SCOD [26] . The changes of SCOD concentrations at different CEPS/FW ratios during the coAD process are shown in Figure 1 . In general, SCOD concentrations decreased with an increase of CEPS/FW ratios. For example, after 20 days, the SCOD concentrations were 20,184.36, 17,273.67, 15,512.38, 13,875.62, 10,668.02, and 2682.9 mg/L in the M0:5, M1:4, M2:3, M3:2, M4:1 and M5:0, respectively. Additionally, the SCOD concentrations at any CEPS/FW ratio had similar change trends, except for M5:0. For instance, the SCOD concentrations increased rapidly from 5200.53 to 15,296.48 mg/L within 11 days in the M1:4, then maintained relative stability. Meanwhile, the SCOD concentrations in the M5:0 increased from 2498.43 to 3948.7 mg/L in the first 3 days, then fluctuated in the range of 2455.22-3568.51 mg/L. 
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Results and Discussion
Organic Matters Solubilization
The hydrolysis of substrates can be expressed through the changes of SCOD [26] . The changes of SCOD concentrations at different CEPS/FW ratios during the coAD process are shown in Figure  1 . In general, SCOD concentrations decreased with an increase of CEPS/FW ratios. For example, after 20 days, the SCOD concentrations were 20,184.36, 17,273.67, 15,512.38, 13,875.62, 10,668.02, and 2682.9 mg/L in the M0:5, M1:4, M2:3, M3:2, M4:1 and M5:0, respectively. Additionally, the SCOD concentrations at any CEPS/FW ratio had similar change trends, except for M5:0. For instance, the SCOD concentrations increased rapidly from 5200.53 to 15,296.48 mg/L within 11 days in the M1:4, then maintained relative stability. Meanwhile, the SCOD concentrations in the M5:0 increased from 2498.43 to 3948.7 mg/L in the first 3 days, then fluctuated in the range of 2455.22-3568.51 mg/L. In this study, the changes of SCOD concentration were positively correlated with FW content, indicating that FW hydrolysis was the major reason for the increase of SCOD concentration during Processes 2019, 7, 709 4 of 9 the coAD process. More readily biodegradable organic matters, such as polysaccharides and lipids, were brought into the reactor with increases of FW, then hydrolyzed rapidly with microorganisms [27] . Meanwhile, it can be inferred from Figure 1 that the hydrolysis rate of FW was better than mono CEPS in the AD process. The SCOD variation in M5:0 might be attributed to the flocculation reaction between Fe(III) and organic substances in the CEPS, which prevented the release of organic matters into the liquid phase.
VFAs Production
VFAs are the major intermediate degradation products of soluble organics, with low molecular weight to biogas. The changes of VFAs concentrations and compositions at different CEPS/FW ratios are summarized in Figure 2 . It is clear to see that the VFAs concentrations decreased with increases in the CEPS/FW ratio. After 20 days of coAD, total VFAs concentrations were 13,872.97, 11,556.97, 9929.39, 9958.97, 8367.02, and 1789.98 mg COD/L, in the M0:5, M1:4, M2:3, M3:2, M4:1, and M5:0, respectively. This tendency of VFAs concentrations indicates that the accumulation of VFAs was mainly caused by high FW content, and the addition of CEPS significantly alleviated the accumulation of VFAs. In this study, the changes of SCOD concentration were positively correlated with FW content, indicating that FW hydrolysis was the major reason for the increase of SCOD concentration during the coAD process. More readily biodegradable organic matters, such as polysaccharides and lipids, were brought into the reactor with increases of FW, then hydrolyzed rapidly with microorganisms [27] . Meanwhile, it can be inferred from Figure 1 that the hydrolysis rate of FW was better than mono CEPS in the AD process. The SCOD variation in M5:0 might be attributed to the flocculation reaction between Fe(III) and organic substances in the CEPS, which prevented the release of organic matters into the liquid phase.
VFAs are the major intermediate degradation products of soluble organics, with low molecular weight to biogas. The changes of VFAs concentrations and compositions at different CEPS/FW ratios are summarized in Figure 2 . It is clear to see that the VFAs concentrations decreased with increases in the CEPS/FW ratio. After 20 days of coAD, total VFAs concentrations were 13,872.97, 11,556.97, 9929.39, 9958.97, 8367.02, and 1789.98 mg COD/L, in the M0:5, M1:4, M2:3, M3:2, M4:1, and M5:0, respectively. This tendency of VFAs concentrations indicates that the accumulation of VFAs was mainly caused by high FW content, and the addition of CEPS significantly alleviated the accumulation of VFAs. Furthermore, the composition of VFAs changed significantly along with the CEPS/FW ratios during the coAD process. Acetic acid, propionic acid, isobutyric acid, n-butyric acid, isovaleric acid, and n-valeric acid were observed at any CEPS/FW ratio, and the acetic acid and propionic acid were Furthermore, the composition of VFAs changed significantly along with the CEPS/FW ratios during the coAD process. Acetic acid, propionic acid, isobutyric acid, n-butyric acid, isovaleric Processes 2019, 7, 709 5 of 9 acid, and n-valeric acid were observed at any CEPS/FW ratio, and the acetic acid and propionic acid were the main components of the VFAs. Taking M1:4 as an example, acetic and propionic acids accounted for 49.32% and 25.46%, respectively, while the iso-butyric, n-butyric, iso-valeric, and n-valeric acids were 4.44%, 2.82%, 7.0%, and 10.96%, respectively. At the same time, it can be seen that the concentration of acetic acid followed the order: M0:5 (7520.69 mg COD/L) > M1:4 (5700.14 mg COD/L) > M2:3 (4700.81 mg COD/L) > M3:2 (3248.25.08 mg COD/L) > M1:4 (2427.74 mg COD/L, M0:5) > M5:0 (501.47 mg COD/L). The concentration of acetic acid was positively correlated with the VFAs concentrations and FW content, and the accumulation of acetic acid was more serious at lower CEPS/FW ratios. Thus, the result of acetic acid concentration demonstrated that the addition of Fe-based CEPS could reduce the accumulation of acetic acid.
The change of VFAs concentration could characterize two aspects: the hydrolysis and acidification ability of organic matters to VFAs, and the conversion efficiency of VFAs to methane. In this study, a larger number of easily degradable organic matters released from FW and CEPS were rapidly converted to VFAs during the hydrolysis and acidification process. Simultaneously, in the methanogenesis process, acetic acid was consumed as the major substrate for methane production. The accumulation of acetic acid indicates that the conversion efficiency of VFAs to methane declined. Therefore, it is speculated that appropriate CEPS additions have a positive effect on acetic degradation, which effectively reduces the inhibition of high concentrations of VFAs during methanogenesis.
Biogas Production
The cumulative biogas production was employed to evaluate the methanogenesis performances and the conversion efficiency of VFAs. The changes in cumulative biogas production with CEPS/FW ratios and coAD time are shown in Figure 3 . It can be seen that the cumulative biogas production was profoundly affected by CEPS/FW. The highest cumulative biogas production (2812.27 mL) was detected in M4:1 on the 20th day of coAD, which was 4.08-, 3.28-, 1.73-, 1.32-, and 3.01-fold the amount present in M0:5, M1:4, M2:3, M3:2, and M5:0, respectively. Additionally, cumulative biogas production at any CEPS/FW ratio first rapidly increased with the extension of AD time, then gradually leveled off. For instance, in the M4:1, the cumulative biogas production increased rapidly to 2617.52 mL within 9 days, then remained relatively stable. the main components of the VFAs. Taking M1:4 as an example, acetic and propionic acids accounted for 49.32% and 25.46%, respectively, while the iso-butyric, n-butyric, iso-valeric, and n-valeric acids were 4.44%, 2.82%, 7.0%, and 10.96%, respectively. At the same time, it can be seen that the concentration of acetic acid followed the order: M0:5 (7520.69 mg COD/L) > M1:4 (5700.14 mg COD/L) > M2:3 (4700.81 mg COD/L) > M3:2 (3248.25.08 mg COD/L) > M1:4 (2427.74 mg COD/L, M0:5) > M5:0 (501.47 mg COD/L). The concentration of acetic acid was positively correlated with the VFAs concentrations and FW content, and the accumulation of acetic acid was more serious at lower CEPS/FW ratios. Thus, the result of acetic acid concentration demonstrated that the addition of Fe-based CEPS could reduce the accumulation of acetic acid. The change of VFAs concentration could characterize two aspects: the hydrolysis and acidification ability of organic matters to VFAs, and the conversion efficiency of VFAs to methane. In this study, a larger number of easily degradable organic matters released from FW and CEPS were rapidly converted to VFAs during the hydrolysis and acidification process. Simultaneously, in the methanogenesis process, acetic acid was consumed as the major substrate for methane production. The accumulation of acetic acid indicates that the conversion efficiency of VFAs to methane declined. Therefore, it is speculated that appropriate CEPS additions have a positive effect on acetic degradation, which effectively reduces the inhibition of high concentrations of VFAs during methanogenesis.
The cumulative biogas production was employed to evaluate the methanogenesis performances and the conversion efficiency of VFAs. The changes in cumulative biogas production with CEPS/FW ratios and coAD time are shown in Figure 3 . It can be seen that the cumulative biogas production was profoundly affected by CEPS/FW. The highest cumulative biogas production (2812.27 mL) was detected in M4:1 on the 20th day of coAD, which was 4.08-, 3.28-, 1.73-, 1.32-, and 3.01-fold the amount present in M0:5, M1:4, M2:3, M3:2, and M5:0, respectively. Additionally, cumulative biogas production at any CEPS/FW ratio first rapidly increased with the extension of AD time, then gradually leveled off. For instance, in the M4:1, the cumulative biogas production increased rapidly to 2617.52 mL within 9 days, then remained relatively stable. On the basis of cumulative biogas production analysis, two main factors were considered to affect coAD process. Firstly, high SCOD and VFAs concentrations produced from high FW content inhibited the activities of methanogens, which in turn decreased biogas production [9] . Secondly, Fe content was increased with increase of the CEPS/FW ratio, which played a key role in enhancing the conversion from VFAs to biogas during the coAD process. Generally, Fe is the most demanding On the basis of cumulative biogas production analysis, two main factors were considered to affect coAD process. Firstly, high SCOD and VFAs concentrations produced from high FW content inhibited the activities of methanogens, which in turn decreased biogas production [9] . Secondly, Fe content was Processes 2019, 7, 709 6 of 9 increased with increase of the CEPS/FW ratio, which played a key role in enhancing the conversion from VFAs to biogas during the coAD process. Generally, Fe is the most demanding trace metal for metalloenzymes in methanogenesis [15] , which is correlated with the activity of methanogen and enzymes [28] . As we know, carbon monoxide dehydrogenase (CODH) belongs to the Ni-Fe enzymes participating in the aceticlastic pathway [29] . F420 is a low-potential electron transfer carrier whose activity is affected by Fe [30] . Moreover, Fe could precipitate with S 2− to diminish the negative impact of S 2− on microorganism activities [31] .
The VS removal efficiencies and biogas yields in coAD of FW and CEPS are summarized in Table 1 . The average biogas yields of M0:5, M1:4, M2:3, M3:2, M4:1 and M5:0 were 86.93, 108.99, 212. 16, 288.42, 446.39, 247 .50 mL/g VS removal , respectively. The maximum value of biogas yield was found in M4:1, and the corresponding VS removal efficiency was 38.12%. In the previous study, Chakraborty [20] confirmed that the addition of CEPS could improve enzyme activities and CH 4 production in the coAD of FW at a FW/CEPS ratio of 1:7, and that a maximum volumetric CH 4 productivity of 270 ± 71 mL/g VS removal was achieved. Similarly, the study conducted by Kim [32] showed that a maximum CH 4 yield of 215 mL/g VS was produced under a FW and sewage sludge ratio of 1:4, which is a 85.3% higher CH 4 yield compared to mono-digestion of FW alone. Mehariya [33] suggested that the main basis for determining the optimum feed ratio in the coAD process of FW is to define either total solids content or the C/N ratio for each specific case. These results show that the addition of Fe-based CEPS has a positive effect on FW degradation and biogas yield. Figure 4 shows the effects of CEPS/FW ratios on the relative activities of protease and coenzyme F420. It is well known that protease activity is a characterization of protein hydrolysis, which plays critical roles in the hydrolysis of substrates. Clearly, the CEPS/FW ratios had a significant effect on protease activity, and protease activity decreased with an increase of CEPS/FW ratios. For example, average protease activities were up to 8.74, 10.4, 11.3, 12.5, and 13.4 IU/L in the M0:5, M1:4, M2:3, M3:2, and M4:1, respectively, and were 1.21, 1.44, 1.57, 1.73, and 1.86 times that of the M5:0 (7.22 IU/L). Meanwhile, the protease activity increased gradually in the first few days, then decreased slowly. For example, protease activity increased from 6.84 to 14.2 IU/L in M4:1 in the first 17 days, then dropped to 13.4 IU/L. Changes of protease activity might have been closely related to protein concentration in FW. The lower the CEPS/FW ratio, the higher the protein concentration that was obtained, and thus the higher the protease activity that was detected. Similarly, at the initial time, a lot of readily degradable proteins were brought into the coAD system with FW, accelerating the hydrolysis reaction of proteins. As the reaction proceeded, the readily degradable proteins were gradually consumed, resulting in a decrease of protease activity. 
Enzymes Activity
Conclusions
The anaerobic co-digestion performance indicated that CEPS was a good additive that could improve biogas production efficiency and renewable energy recovery of FW. The SCOD was inversely related to the CEPS/FW ratio due to the decrease of readily biodegradable organic matters brought into the AD system with FW. The addition of CEPS effectively slowed the accumulation of VFAs at high FW ratios, especially acetic acid accumulation, and enhanced biomethane production in mesophilic coAD. A maximum biogas yield of 446.39 mL/g VSremoval was observed at a CEPS/FW ratio of 4:1. The enzyme activities analysis demonstrated that sufficient Fe introduced by CEPS improved the activity of F420 in methanogenesis process, which was the main reason for biogas production.
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